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ABSTRACT
We examine the inﬂuence of chance coherences in turbulent velocities for the creation of the images of
astrophysical masers. Images are computed that represent the numerous masing features that are commonly
observed in an extended masing region. Changes as a function of Doppler velocity can be seen in the appear-
ance of these images. Variability in the images also is evident as a result of the evolution of the turbulent
velocities with time. Representative turbulent velocity ﬁelds are obtained by standard methods involving the
statistical sampling of Fourier components, and the medium is treated as incompressible for computing the
time evolution of the turbulence. Comparisons with observational data focus on the 25 GHz methanol
masers, for which there is evidence that their structure may be caused mainly by coherences in the velocities.
Subject headings: ISM: molecules — masers — turbulence
1. INTRODUCTION
Irregular velocity ﬁelds occur in the diﬀuse gas for a wide
range of environments in astronomy and for a wide range of
physical conditions. Because of the ‘‘ exponential sensitiv-
ity ’’ of maser radiation to optical depth, it is likely that even
small irregularities in the velocities of the gas play a key role
in selecting the Doppler velocities at which strong maser
emission is observed. These coherences in velocity are a
plausible way to understand the tendency for maser
emission to appear as bright spots. The possible inﬂuence
of turbulence on our understanding of various features of
astrophysical masers has been explored in a number of
previous investigations, including Deguchi (1982), Walker
(1984), Gwinn (1994a), Wallin, Watson, & Wyld (1998,
1999), Wiebe & Watson (1998), Sobolev, Wallin, & Watson
(1998, hereafter Paper I), and Imai, Deguchi, & Sasao
(2002).
The key feature of the 25 GHz methanol masers that
makes them useful for our analysis is the similarity of the
physical parameters of the gas such as temperature, density,
and the relative abundance of methanol that are derived
from the maser line data (see, e.g., Sobolev & Strel’nitskii
1983; Johnston et al. 1992 [hereafter JGS92]; Zeng, Lou, &
Li 1987) with the values of these quantities that are derived
from thermal lines (Turner 1991; Sutton & Herbst 1988;
Kalenskii et al. 1997). Hence, the appearance of the 25 GHz
masers as spots is unlikely to be due to a form of clumping
in which the values of these physical parameters are signiﬁ-
cantly diﬀerent from their values in the general environ-
ment. It is then plausible that their appearance as spots is
due mainly to chance coherences of turbulent velocities.
Examining this possibility is the goal of our investigation.
The 25 GHz masers are found in several sources in our
Galaxy, indicating that they may be widespread (Menten et
al. 1986). However, at present only one source is known
(Ori-KL core in OMC-1) where these masers display a truly
high ﬂux density (about 200 Jy; see, e.g., Menten et al. 1988
and JGS92).
In Paper I it was shown that modeling the maser environ-
ment as a slab of gas with a turbulent velocity ﬁeld reprodu-
ces the general properties of the Ori-KL 25 GHz masers.
The maser excitation was assumed to be constant within the
slab, and the masers were assumed to be unsaturated. To
match the observational data, it was found that the spec-
trum of the velocity distribution should be somewhat
steeper than the Kolmogorov power law. In this model, the
brightness of the maser region is strongly dependent on the
orientation of the slab with respect to the observer. The
highest brightnesses are achieved when the layer is seen
edge-on. Since the probability for such an orientation is
relatively low, it is understandable that we see masers with
high brightness only in Ori-KL.
After our original investigation, observational informa-
tion at high angular resolution on the images and on the
time variability of the 25 GHz maser spots in Ori-KL was
published (Johnston et al. 1997, hereafter JGW97). In addi-
tion, a computer code for the calculation of time variations
in the turbulent velocity ﬁeld became available to us (see
Wallin et al. 1999). These advances have provided the
opportunity for further comparisons between observational
data and the implications of a model in which the masing
occurs in a turbulent slab.
2. SUMMARY OF THE OBSERVATIONS
Reﬁned and extensive observational information about
the high spatial resolution (0>07) images of the 25 GHz
methanol masers associated with Ori-KL has been
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published by JGW97. The data provided by JGS92 were
obtained with a more coarse spatial resolution (300). Because
of the poor atmospheric conditions, JGW97 were able to
detect only the brightest spots of the JGS92 sample.
The observations by JGW97 show that masers that
appear to be single spots with the 300 beam are resolved into
several spots in the observations with a 0>07 beam. The
maser images obtained by JGW97 show substantial diﬀer-
ences in their spatial distributions from one velocity to
another, even for cases in which the velocities are separated
by less than a line width. The spots in the JGW97 sample
have sizes in the range 22–56 AU and brightness tempera-
tures from 2 106 to 3 107 K. The sizes of the maser spots
were found to increase with decreasing ﬂux.
JGW97 observed the 25 GHz masers of Ori-KL in two
epochs separated by about 1 year (1990 March and 1991
July). For the most of the spots, the relative positions and
ﬂuxes were found to be about the same. However, the
brightest maser spot was found to decrease its total ﬂux
density 1.6 times on the timescale of about a year. JGW97
noticed changes in the spatial distribution of the emission of
that spot. The location of the peak shifted while the centroid
remained at the same position. Two spots had disappeared
at the second observational epoch. Comparison with the
JGS92 data obtained in 1988 August indicates considerable
variability as well.
On the other hand, observations of Menten et al. (1988)
with the 100 m telescope show that the ﬂux from the region
as a whole does not change in magnitude nor in its spectral
properties on the timescale of a year. These data rule out
variations exceeding 20% between 1986 February and 1987
March, and are consistent with the earlier data of Hills,
Pankonin, & Landecker (1974).
3. BASIC PREMISES
3.1. Model of the Source
The essential idealizations are the same as in our earlier
investigation (Paper I) and are described in detail in Wallin
et al. (1998). Representative turbulent velocity ﬁelds (or
‘‘ realizations ’’) are created by statistical sampling utilizing
a Kolmogorov-like power spectrum for the Fourier compo-
nents and a Gaussian distribution for the amplitudes. Such
methods are standard. They create ﬁelds in a plausible man-
ner that have the desired power spectrum in Fourier space
and the desired autocorrelation (or structure) function for
the velocities in coordinate space. In Paper I and here, we
ﬁnd that a spectrum that is somewhat steeper than that of
Kolmogorov leads to results that tend to agree better with
observations and with at least some numerical simulations
(see Watson, Wiebe, & Crutcher 2001). Thus, we use a
power spectrum k7=3 instead of the k5=3 of the
Kolmogorov law. The ‘‘ structure function ’’ (e.g., Frisch
1995), which follows from the power spectrum, then varies
as (separation)4/3 and is also steeper than the Kolmogorov
variation, which is proportional to (separation)2/3. We do
not attempt to incorporate any information about varia-
tions in the density or in the excitation. These are treated as
constant.
As discussed in Paper I, the rectangular grid of points at
which the velocities are created by this method is uniformly
spaced. The size of the masing region in Ori-KL is about
1000  4000 (JGS92). In order to make calculations with an
angular resolution that is comparable to that of the JGW97
observations, we used 512 128 grid points for the face and
512 grid points for the depth of the volume. A cutoﬀ is intro-
duced when the wavelengths of the Fourier components are
equal to the length of the smallest side of the rectangular
volume, so that the power at longer wavelengths is severely
reduced. The turbulence is then introduced at wavelengths
near this maximum wavelength. At the other extreme, the
shortest wavelength in the calculations is set as equal to
twice the separation between the grid points. An overall
constant in the power spectrum is adjusted so that the value
for the rms turbulent velocities t is about ﬁve thermal
breadths. With the assumption that the thermal breadth vth
is equal to 0.22 km s1, the computations reproduce the
observed spread in the velocities of the maser features
(Paper I).
The masers are treated as unsaturated so that it only is
necessary to compute the optical depths. Numerical integra-
tions are performed along the paths of rays that are perpen-
dicular to the appropriate surface of the rectangular volume
of grid points. If the ðy; zÞ plane is designated as the surface,
the optical depth ðv; y; zÞ for the ray emerging from the
location ðy; zÞ with a frequency corresponding to Doppler
velocity v is
ðv; y; zÞ ¼

0
Nx
X
i
exp ðv v
i
tÞ2
v2th
" #
: ð1Þ
Here, Nx is the number of grid points along the x-axis, v
i
t is
the turbulent velocity at grid point i, 0 is an optical depth
parameter (the optical depth at line center if there were no
turbulence), and the sum is over the grid points along the
ray.
Since vth refers to the thermal velocity of methanol mole-
cules (as can be seen in eq. [1]) and the sound velocity is gov-
erned by the motion of the dominant species (here H2), the
choice t ¼ 5vth corresponds to 1.7 times the sound velocity
of the gas. Shocks would occur in an actual gas with this
supersonic, turbulent velocity and would, strictly speaking,
probably give rise to variations in the temperature, density,
and composition of the gas. The results that we obtain from
our idealized calculations in which these variations are
ignored can, nevertheless, be indicative since the turbulence
is only mildly supersonic and the pumping of the maser is
not extremely sensitive to modest variations in temperature
and density.
3.2. Identiﬁcation ofMaser Spots
In this investigation, we are considering images of numer-
ous maser spots that have a wide range of ﬂuxes. Identifying
relatively faint maser spots in the three-dimensional (v; y; z)
space by hand is impractical. Thus, we used an automatic
procedure to identify maser spots that is based on the deﬁni-
tion of a maser spot as a maximum within a rectangular vol-
ume of (v; y; z) space. We designate that volume as the spot
vicinity. To identify maser spots in our model, we used a rec-
tangular volume consisting of ﬁve grid points on a side in
the spatial coordinates and 2vth in velocity as the spot vicin-
ity. This choice allowed us to identify maser spots with a
wide range of ﬂuxes.
3.3. Time Variability
One of the main properties of the masers is the noticeable
change of their characteristics with time. In this study, we
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examine whether the evolution of the turbulent velocity ﬁeld
can lead to a time variability that is similar to that of the
observational data. In the same way as for our study of the
images (Paper I), we examine the evolution of turbulence in
the idealized case in which the changes in the masing
medium are determined by the velocity ﬁeld alone, i.e., with-
out incorporating variations in the density, temperature,
etc. This, again, corresponds to treating the masing medium
as an incompressible ﬂuid.
To treat the time evolution of the turbulent velocity ﬁeld,
we use a code that is based on the method of Chen & Shan
(1992). The code solves the Navier-Stokes equation
dv
dt
¼ vð Dx vÞ  ð DÞ2v ;
where v is the dimensionless velocity (velocity scaled by ther-
mal line breadth, vth). The spatial coordinates are scaled by
the length of the smallest side L of the rectangular volume,
the viscosity  is scaled by the product vturbL; and the time
is scaled by L=vturb ¼ ð9 1016cmÞ=ð5 0:22 km s1Þ ¼
2:5 104 yr, where L ¼ 9 1016 cm corresponds to 1000 at
the distance of OMC-1. For the studies of the current paper
it is suﬃcient to trace the evolution of the velocity ﬁeld over
intervals of dimensionless time up to 104 (see discussion of
scaling factors in the subsequent sections).
As a measure of the ability of the code to describe the evo-
lution of the turbulence, we note that the main statistical
property—the dispersion of the velocity ﬁeld—changes by
less than 0.05% in a dimensionless time period of 104. Dur-
ing periods of this duration, we have also examined the
behavior of other properties of the maser emission model
which are most important for our study. These are the total
ﬂux from the maser region (i.e., the emission integrated over
ﬁeld of view and over all velocities) and the individual ﬂuxes
from about 40 of the brightest maser spots. Depending on
the initial statistical realization of the turbulent velocity ﬁeld
that is created by the initial random numbers, these ﬂuxes
can gradually change by either increasing or decreasing.
They can reach maxima or minima and then change in the
opposite sense. We thus judge that the computer code
is adequate to describe the evolution of turbulence for the
current investigation.
4. RESULTS OF COMPUTATIONS OF IMAGES FOR
THE 25 GHz METHANOL MASERS
As the ﬁrst step in comparing with the observations, we
examined the general appearance of the brightest spots and
estimated their sizes. Altogether, we performed somewhat
more than 10 computations for the evolution of the turbu-
lent velocity ﬁeld—each starting from a diﬀerent, statisti-
cally random realization for the velocity ﬁeld.
We ﬁnd that the sizes of the spots in our model match the
sizes of the observed spots when the ampliﬁcation factor for
the brightest spot is about 8 106, which corresponds to an
optical depth of about 16. JGW97 report that the brightness
temperature for strongest spot in their observations was
about 3:3 107 K. The brightness temperature of the back-
ground in our model is then required to be about 4 K and is
consistent with conclusions of Paper I, in which the charac-
teristics of the maser region as a whole were considered.
In Paper I, we found that the number of brightest spots
depends strongly on the particular statistical realization of
the initial turbulent velocity ﬁeld. We have conﬁrmed this
conclusion in the current investigation by examining a much
greater number of the brightest spots. The basic parameters
of three representative initial realizations are given in the
Table 1. In these, the numbers of spots that exceed a speci-
ﬁed level of brightness are quite diﬀerent. The essential
properties of the turbulent velocity ﬁeld, such as the steep-
ness of the spectrum, the dispersion in the turbulent veloc-
ities, and the optical depth parameter 0, for these models
all have approximately the same values that were found
adequate for 25 GHz methanol masers in Ori-KL in Paper
I. We limit our discussion to the three evolutionary sequen-
ces for the turbulence that begin from the set of realizations
listed in Table 1.
The distances between the spots in the maps based on our
model are uneven. In the turbulent medium, the spots
should tend to form clusters (see, e.g., Gwinn 1994a). Such
clusters are indeed evident in our maps. Maps similar to
those of the current study also are given in Paper I. An
example is the cluster around the brightest spot in realiza-
tion 2 in Figure 1. The ﬁeld of view in this ﬁgure is about 200
and contains several maser spots. This can explain why the
maser spots from the JGS92 sample (at 300 resolution) split
into several features at the higher angular resolution (0>07)
of the JGW97 maps. The result is consistent with the images
that were obtained with a smaller computational grid in
Paper I.
An examination of the images of individual maser spots
(which ordinarily are weaker than clusters) shows that they
are surrounded by extended regions where the spectral
properties of the radiation are similar to the spectral prop-
erties of the spot. See the example in Figure 2. This is remi-
niscent of the halos found around the spots of water
masers (Gwinn 1994b) and around the spots of the bright-
est class II methanol masers (Minier, Booth, & Conway
2002). The extended regions that appear in our computa-
tions are considerably greater in size than these observed
halos. A natural explanation for this diﬀerence is the much
smaller ampliﬁcation factors of the 25 GHz masers. An
explanation in terms of ampliﬁcation factors is in agree-
ment with the trend that the class II methanol maser halos
are much greater than those surrounding the much brighter
water maser spots. The extended regions in our computa-
tions merge in the clusters of spots. Because of this compli-
cation, we did not attempt a thorough study of their
properties.
We also considered the dependence of the sizes of spots
on their brightnesses. To do this, we measured the maxi-
mum extent of maser spots at the ﬂux that is 20% of that of
the brightest point of the spot. The results of our measure-
ments are given in Figure 3. It is clear that the average sizes
of the spots increase as the spots become weaker. This is
in agreement with the JGW97 observational data. There is
TABLE 1
Parameters of Representative
Models
No. t=vth 0
1.................. 4.557 36.15
2.................. 4.801 35.00
3.................. 4.700 34.90
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signiﬁcant scatter due to the random character of the turbu-
lent velocity ﬁeld. The scatter is quite pronounced in the
observational data as well. The slope of the relationship
between the sizes of spots and their brightnesses carries
information about the ampliﬁcation factor of the masers.
However, such estimates are subject to large uncertainty
because the scatter is signiﬁcant and the number of spots is
limited.
In Figure 1, we show how the spot image depends on the
Doppler velocity Vlsr. Our calculations have better spectral
resolution than the resolution of the JGW97 observations.
We also use the ability of the computations to produce
images for speciﬁc values of Vlsr, whereas the observational
data can only cover intervals of velocity. In agreement with
the data of JGW97, there are signiﬁcant changes in the
images of the spots for values of Vlsr that diﬀer by 0.15 km
s1. These include the spatial shift of the peak emission for
the spot 1 and the appearance of the new spot 4 that would
be in an adjacent spectral channel in the observations. In
order to provide information for comparisons with observa-
tional data that may be acquired in the future with better
spectral resolution, we present images for intermediate val-
ues of Vlsr. The diﬀerence in the spatial distribution of the
maser emission can be seen to be considerable for a separa-
tion in Vlsr that is one-half of that of the velocity resolution
for the current observational data. This diﬀerence occurs
because of the presence of the spots with the narrow line
breadths (e.g., spots 2a and 2b) and the existence of ex-
tended maser regions (e.g., 3) with or without a pronounced
central spot.
Fig. 1.—Images are shown in the vicinity of the brightest spot when the evolution of the turbulence in the slab starts from statistical realization 2. The size
of an individual panel is about 200  200. The panels in a particular column are at diﬀerent frequencies as indicated by the shifts DV in Doppler velocity. The pan-
els in a particular row show the evolution of the images with time. In all of the panels, contours are drawn at 0.4, 0.5, 0.6, 0.7, 0.75, and 0.9 of the peak intensity.
These images demonstrate how clusters of maser spots can be created in a ﬁeld of view. In agreement with the observations, changes in the images with fre-
quency and time are clearly seen. See xx 4 and 5 of the text for a discussion of the features marked with numbers.
Fig. 2.—Example of the image of a spot and the surrounding extended
region at the frequency for which the spot is brightest, for the random real-
ization 1. The calibration of the grey scale is given as a fraction of the peak
intensity of the spot. The entire map corresponds to about 1>6 1>6.
Contour lines are drawn where the intensity is 0.1, 0.3, and 0.5 of the peak
intensity.
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5. RESULTS OF COMPUTATIONS FOR THE TIME
VARIABILITY OF THE 25 GHz METHANOL MASERS
The main results of our studies for the time variability of
the representative set of models are presented in Figures 1
and 4. We ﬁnd that the spots in our models display time var-
iability over times of about 1 yr—in agreement with obser-
vational data of JGW97. As in the observational data, the
changes in the brightnesses of most of the maser spots are
small. The main patterns of the time variability of the
images of the spots are shown in Figure 1. For example,
spots 1 and 2 are increasing in brightness while spot 3 under-
goes a slight decrease in brightness. The pair of maser spots
designated as 2a merge and the peak in the emission shifts to
one of the spots. Examples of spots that split also are
present in our computations. Indications of changes in the
spectra of the spots are seen in Figure 1.
The brightest spot in a model can show noticeable varia-
bility (see the models involving realizations 1 and 3, in which
yearly changes of the brightest spot ﬂux are 23% and 35%,
respectively), or it can remain at about the same brightness
(realization 2) on the timescale of a year. We note that the
variation in the brightness of the brightest spot can be sig-
niﬁcant for realizations in which the numbers of bright spots
are quite diﬀerent (e.g., see results for realizations 1 and 3 in
Fig. 4). The weaker spots in Figure 4 also can display notice-
able variability on a timescale of a year—in agreement with
the JGW97 observations.
We also considered time variations of the integrated spec-
trum—that is, in the spectrum of emission from the region
as a whole. The results are presented in the right-hand pan-
els of Figure 4, where it can be seen that the integrated spec-
trum does not vary greatly on a timescale of a year. In the
considered realizations the changes in the integrated spec-
trumwere always less than 4% in a year. This is in agreement
with the observational data of Menten et al. (1988) and is
true for all of the realizations that we have considered,
regardless of the number of bright spots. However, varia-
tions in the integrated spectrum do exist and the total ﬂux
can both increase (realization 1) or decrease (realization 2).
This prediction of the computations can be checked by high
sensitivity single dish observations separated by about 10
years.
The spatial resolution of our computations does not
allow us to understand clearly how the integrated spectrum
can remain nearly constant while the brightest spots vary
considerably. However, our study does provide hints of an
explanation for this phenomenon. First, we see extended
regions with spectral properties similar to those of the asso-
ciated spots (see Fig. 2). Second, the sizes of the spots
increase with decreasing brightness (see Fig. 3). It is natural
to suppose that the time variations in the spot brightnesses
are accompanied by changes in the opposite sense in the
sizes of the spots. The slope of the correlation between the
brightnesses and the sizes of maser spots in our study is shal-
lower than the one reported by JGW97.Most probably, this
reﬂects the fact that we measure the sizes at a lower ﬂux rela-
tive to the brightest point of the spot. Hence, more informa-
tion on extended regions is included in our measurements. It
thus seems likely that variations in the ﬂux and spectral
properties of the regions surrounding maser spots compen-
sate to some extent for the variations in the brightnesses of
the spots, and allow the integrated spectrum to be less sensi-
tive to changes with time. Additional reﬁned observations
of spots and the extended regions surrounding them are
necessary to elucidate this issue.
6. CONCLUSIONS
The computations here demonstrate that the basic prop-
erties of the images of the 25 GHz methanol masers in
OMC-1 can be reproduced by a model in which the masers
are created in a turbulent slab of gas seen edge-on. More
speciﬁcally, the computations show that (1) the features that
appear to be single spots with the 300 beam are resolved into
several spots in observations with 0>07 beam, (2) maser
images show signiﬁcant changes with frequency even for the
cases when the frequencies are separated by less than a ther-
mal breadth, (3) the average sizes of the spots increase as the
spots become weaker while the relation between the peak
intensity and the size of the spot shows substantial scatter,
and (4) maser hot spots are surrounded by extended regions
which emit at frequencies close to those of the associated
hot spots.
Time-dependent computations show that the evolution of
the turbulent velocity ﬁeld can explain the observation that
individual maser spots vary on a timescale of about a year,
whereas the maser spectrum integrated over the entire mas-
ing region remains relatively constant. The computations
predict that the changes in the integrated maser spectrum
might become detectable in observations separated by
about 10 years.
Fig. 3.—Relationship between the peak brightness temperatures and
sizes of maser spots for the random realization 2. Our Tmax is the highest
brightness temperature in the map. In general agreement with the observa-
tional data, there is signiﬁcant scatter and the average sizes of the spots
increase as the spots become weaker.
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In this investigation, evidence is presented that the obser-
vational properties of the 25 GHz methanol masers in
OMC-1 can be understood through a consideration of the
turbulent velocities alone. The basic parameters of the tur-
bulent velocity ﬁeld were taken to be the same as inferred in
Paper I. The modeling presented here and in Paper I shows
that it may be possible to estimate the turbulent spectrum
and the velocity dispersion in the regions of massive star for-
mation on the basis of a consideration of the properties of
masers. Observations of the 25 GHz methanol masers in the
Fig. 4.—Modeling of the time variability. The left column of panels shows the variation of the peak intensities for individual maser spots for the evolution
of the turbulent velocities starting from the initial conﬁgurations summarized in Table 1. Note that these conﬁgurations have diﬀerent numbers of bright maser
spots. The right column of panels shows the initial spectra integrated over the entire maser region and the changes in these spectra after 1 and 2 yr. In agree-
ment with the observations, the integrated spectra are nearly stable on the timescale of 1 yr, although some individual maser spots do change their brightnesses
considerably within this period of time.
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other sources are highly desirable for further studies of the
inﬂuence of turbulence on maser emission. Sensitive obser-
vations of the 25 GHz masers, both single-dish and inter-
ferometric, are needed with high spectral resolution and
with larger separations in time.
We do realize that the variations in the other physical
quantities can be important for astrophysical masers. How-
ever, the goal of our investigation is to see how well turbu-
lence alone can reproduce the observed characteristics of
masers for a class of masers where there is evidence that the
variation in the other physical quantities is small.
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